COMPOSITION OF EXHAUST GASES of SOLI H 
INJECTION PRE-COMBUSTION CHAMBER DIESEL 
ENGINE WITH REDUCED AIR CHARGE. 




BY 

Robert Joynson Ramsbothan 













COMPOSITION OF EXHAUST GASES OF SOLID INJECTION 



PR E -COMBUSTION CHAMBER DIESEL ENGINE 
WITH REDUCED AIR CHARGE 

By 

Robert Joynson Ramsbotham 
Grad. (United States Naval Academy) 1929 



THESIS 

Submitted in partial satisfaction of the requirement 

for the degree 

of 

MASTER OF SCIENCE 
in 

Mechanical Engineering 
in the 

GRADUATE DIVISION 
of the 

UNIVERSITY OF CALIFORNIA 



Carl J. Vogt, M.S. 

Merle Randall, Ph.D. 

Emil E. Weibel , Ph.D. 

Committee in Charge 



15 May 1939 



ICTlODOCriOJIs 



The exhaust of a fries©! ©ngine nay contain various 
amounts of carbon dlo acid*, oxygen, carbon monoxide, nitrogen, 
water vapor, sulfur dioxide, hydro gen, and rethsno. The 
amount of each consfeituant depends upon tho conditions of 
operation in each ciiO©; such no: (a) the type of engine; 

(b) tho typo of combustion; (c) tho speed; (d) tho load; 

(e) tho fuel and (f) the amount of air supplied. Several 
nothodo have been used to determine the air to fuel ratio 
at which tho engine is operating and tho degree of incomplete 
combustion from the porcentngeo of tho various constituents 
of tho exhaust gneoo. In making an analysis of the exhaust 
gases for such a purpose by the methods illustrated In refer- 
ancoo (b) and (c) tho amount of water vapor cannot be deter- 
rdned because of the water present in the apparatus. Similar 
iy the amount of sulfur* dioxide cannot be determined by those 
methods and is assumed to bo absorbed by tho liquid In the 
apparatus. Maloov, roforonco (c), used a method based upon 
tho amounts of carbon dioxico, oxygon, carbon monoxide, nitro 
gen, hydrogen, or.d methane. This method , howvor, has the 
disadvantage of requiring laboratory apparatus too elaborate 
for field use. Gorrish and Taosjsan, reference (b), using the 
same exhaust gas analysis apparatus, found that the amounts 
of hydrogen and nothano wore snail and related to the amount 
of carbon men oxide . Therefore, tho important conctituonto 
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are carbon dioxide , oxygen, and carbon nor. oxide , since the 
amount of nitrogen con bo computed from these. The percen- 
tages by volume of carbon dioxide, oxygen, and carbon nonox* 

Ido in tho exhaust gas os can bo found with tho Greet appar- 
atus* Two methods of deiers&ning tho air to fuel ratio and 
degree of incomplete conbuction from tho carbon dioxide end 
oxygen in tho exhaust geeoo aro tho Aokers&nn, reference (a), 
and the Oetwald, reference? (b ) , Combustion Triangle®* 

Tho Ostwsld Combustion Triangle is a diagreM showing 
tho p rcontagea by velum of carbon dioxide, oxygon, and c&rbon 
nonoxide in the gese® resulting fron tho conbuction of a defi- 
nite fuel with various quantities of air# Thus , with to own 
oorcentngo3 of carbon dioxide and oxygon tho excess sir factor 
end the percentage of carbon monoxide can be found fron the 
Ostwald triangle* Tho theoretical minlnun pounds of air re- 
quired for complete combustion of one pound fuel multiplied 
by tho oxeeso air factor gives tho air to fuel ratio, pounds 
of air par pound of fuol* The Os timid triangle ha® boon usod 
with success to determine both the air to fuol ratio and tho 
percentage of carbon monoxide with engines operating or. the 
Otto oyclo, reference (b)* It hao boon used successfully also 
with Diesel engines, references (b) and (g)* figure 1 is a 
typical Oetweld Combustion Triangle* 

Tho Ostwt'ld Coronation Triangle is based upon the assump- 
tion that incomplete combustion results in tho formation of 
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carbon monoxide. It boo boon found, however, that in mtny 
cases incomplete combustion takes place In Diesel engines 
with high percentages of excess air without the formation of 
carbon monoxide. In these cases soot instead of carbon mon- 
oxide was found, in the exhaust gases, reference (a). For 
this reason Dr. Ing. 0. Ackermnn formulated a combustion tri- 
angle based upon the assumption that soot end not carbon mon- 
oxide results from Incomplete combustion, reference (a). The 
Osfcwald and Ackermnn triangles are similar in that both use 
the percentages by volume of carbon dioxide and oxygen in the 
exhaust gases to indicate the excess air fietor and thus the 
air to fuel ratio. The Ackerosnn triangle for given percen- 
tages of carbon dioxide and oxygen also indicates the amount 
of soot as unburned carbon, n fraction of the carbon in the 
fuel, instead of the percentage of carbon monoxide. Figure 2 
is a typical Ackorm&nn Combustion Triangle. 

Both tho ■Osfcwald and Ackermnn triangles are based upon 
the approximate analysis of tho fuel being used, particularly 
the parts by weight of hydrogen end carbon and the resultant 
b/c ratio. Unfortunately the narrufncturerB Gelling fuel for 
Diesel engines do not furnish this analysis end In many casoa 
clo nol oven moke such an analysis. Therefore a Diesel engine 
operator in order to use either combustion triangle is forced 
cither to have on analysis made of his fuel or to assume that an 
analysis given In reference tables is that of his fuel* 
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Therefore, in view of the above questions facing the 
tdeool engine operator, tests were isads on a 4 cycle, 4 cylin- 
der, solid injection, pre-eos&ustion ehenber Caterpillar en- 
gine of a standard coir^ercicl design to determine the follow- 
ing: 

1, Ihe percent* gee by voXmo of carbon dioxide, oxygen 
and carbon nonoxide in the exhaust go nos, 

2, ¥h& relative ncrits oX* the Os timid and Ackermsnn 
combustion triangles, 

3, 'Hie variation in th© results obtained with tlio ost- 
wald end Ackemsnn diagrams when the exact analysis of the 
fuel io not known. 



/•PPAJlATtB: 



ft* Mosel Bagtno 

Caterpillar D4400; 4 cylinder % 4 cycle; solid 
injection; pro -c embus fcion chamber. Bore 4*2 in , ; 
stroke 6,5 in,; power, 44 BII? at 1400 R?fl, 

B, TjOad 

Cor ague Electric Dynamometer. 

£0 «»; speed 1650-5000 KPK. 

C, Cpeed Soaeurement 

Electrically operated counter end clock, 

D, Fuel Koasuretsent 

19 £> • Ls n • 1, burette connected to fuel system by 
three-way valve; copper Conet an tan fcfcerme ouplo , 

E, Air "easurerxmt 

Bell mouth orifice, diarrotcr 1,6 in,; differential 
draft gauge. 
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F. Exhaust Gas Analysis 

Water aspirator; Or sat apparatus. 



PROCEDURE : 

A. General : 

At the beginning of each day»s operation the engine ?/as 
started and allowed to warm up, first with no load and then 
under load until steady operating conditions of temperature and 
oil pressure were reached. The fuel pump throttle lever of the 
engine, 3 in Figure 5, was then set to give the desired speed. 
The dynamometer was adjusted to give the required load. The 
air intake valve, 4 in Figure 4, was set for the approximate 
drop across the air orifice, 3 Figure 4, previously computed 
for the desired air change, as indicated by the draft gauge, 

5 Figure 4. Since throttling the air supply reduced both the 
speed and the output of the engine, it was then necessary to 
rebalance the load by adjusting the rheostats of the dynamo- 
meter and to increase the speed by changing the position of 
the fuel lever. When a balance had been obtained the engine 
was allowed to run for several minutes before data were taken. 
During the time taken for the fuel consumption measurement an 
exhaust gas sample was obtained for analysis. The above pro- 
cedure was repeated for different loads, speeds, and air 
charges . 
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13. Fuel Measurement ; 

The tine end revolutions for the consumption of 195.6 
milliliters of fuel were obtained by the operation of the elec- 
trically controlled clock and revolution counter in conjunction 
with the 195.5 ra.l. burette, 1 Figure 5, and three-way valve, 

2 Figure 6. The fuel temperature was measured with a copper- 
eonstantan thermocouple. Tho weight of fuel consumed in pounds 
wo® computed with the aid of a specific gravity vs. tempera- 
ture curve. 

C . Air Measurement ; 

The barometric pressure was obtained from a standard 
mercury barometer in the laboratory. Tho wet and dry bulb 
temperatures were taken with a sling psychromoter in the vicin- 
ity of the engine. From these the specific humidity was com- 
puted by the method of W. H, Carrier and C. 0. Mackey, refer- 
ence (d). Y.'ith tho specific humidity the gas constant, R, was 
computed by the method of Zorban, reference (e). The specific 
humidity was also used to compute the pounds of dry air per 
pound of mixture. The air temperature just before the ori- 
fice was obtained with a mercury thermometer. The pressuro 
drop across the orifice was measured by a differential draft 
gauge. The temperature of the draft gauge fluid was measured 
and its specific gravity found. The pressure drop in inches 
of water was then computed. The above data were used to ob- 
tain the pounds of dry air per minute. 
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D. Exhaust Gas Analysis : 

In order to obtain a representative sample of exhaust 

! 

gas from oil four cylinders , tho sample was taken from the 
mid point of the exhaust manifold, near tho vortical riser 
connecting the manifold to the exhaust pipe, 1 Figure 4. A 
water aspirator, 2 Figure o, wao used to aid in removing the 
sample. To avoid the absorption of c«rbon-di oxide by actor 
the aspirator was not used as a storage tank, but instead tho 
sample was tranef erred immediately to the Great apparatus, 1 
Figure 5, and the analysis made e« soon as possible. The 
primary function of tho aspirator tank was that of a mixing 
chamber to insure a representative sample from all four cylin- 
ders. The Great was used in tho normal fashion, passes in 
each pipette being continued until two consecutive measure- 
ments wore tho same . Likewise several samples were analyzed 
for each run until two conaecutiva samples gave consistent 
results. Precautions wore taken to avoid contamination of 
samples by sweeping out tho Or set and as pi rater tank. The 
lino from tho engine to the analysis apparatus was kept swept 
out between analyses by permitting the exhaust gas os to blow 
through it to the atmosphere* 
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PUCU^IPK : 

thon using either th® Ostwald or Ackormnn combustion 
triangle with o Diesel engine, it ruint be remembered that 
engines differ in nany roopecto end that the results obtained 
with one engine will not necessarily hold for ell engines. 

For instance, a Diesel engine rmy hove either eir or solid 
injection end tr.»y or my not htirm s pxo -eor-bu® t i on chamber. 
Ther©foro tho results found with this particular engine and 
presented in this discussion nay not bo general for ell Diesel 
engines . 

The tests wore conducted at various speeds from 700 to 
1400 HPai and with various loads «e represented by brake moan 
effective pressures ( BME? } frosa It to CO pounds per square 
inch. Unfortunately no apparatus was available to treasure the 
amount of soot In th© ©xhoust. However, the exhaust oipe sup- 
plied ample evidence that soot was present in appreciable 
amounts. Therefor©, th® comparison of tho Cat weld and Acker- 
isann triangles «as bated upon the amount of carbon monoxide 
found with the frsafc and tho agreonent of tho air to fuel ratio 
an computed to that actually matured. About one hundred runs 
wore nade at various loads and speeds over a range of air to 
fuel ratios from 14.4 to 1 to 01. 1 to 1 (pounds of <&ir per 
pound of fuel). 

Ostwald nnd AcVrermonn combustion triangles wore con- 
structed for eight different fuels described In Table 1. Th© 
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choice of these fuels was based upon their approximate analy- 
ses being representative of those of possible Diesel fuels. 

The hydrogen to carbon ratios of these fuels varied from .129 
to .1935. Only one fuel was actually used in the engine. All 
references to fuels of various h/c ratios and to a fuel desig- 
nated by a number pertain to those of Table 1 which were used 
to construct the different Ostwald and Ackermann combustion 
triangles . 

The percentages by volume of carbon dioxide, oxygen, 
and carbon monoxide as determined by the Orsat apparatus are 
shown in Figure 6 as functions of the air to fuel ratio mea- 
sured. It is to be noted that no carbon monoxide was found 
until the air to fuel ratio was below 19 to 1 and that as the 
ratio was decreased below this value the amount of carbon 
monoxide increased rapidly. In other words, carbon monoxide 
did not appear until the excess air had been reduced to about 
30 per cent. Figure 7 indicates for 1300 RPM and a BMEP of 
30 pounds per square inch the percentages by volume of carbon 
dioxide, oxygen, and carbon monoxide as functions of the air 
charge efficiency. The latter is indicated as the pounds of 
dry air per revolution. Curves similar to those of Figure 7 
were obtained for other loads and speeds but the charge effi- 
ciency range v/as limited by the engine’s failure to maintain 
the load and speed. No carbon monoxide v/as found until the 
air charge had been reduced appreciably. Figure 8 shows the 
amount of carbon monoxide as a function of charge efficiency 
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at 1300 RPM for various loads as indicated by BMEP in pounds 
per square inch from 15 to 60. Figure 9 is the same as Figure 
8 except that the speed was 900 RPM. It is to be noted that 
at both speeds carbon monoxide did not appear at a constant 
air charge. Instead the air charge at which carbon monoxide 
first appeared increased as the load increased. The fuel pump 
rack on this engine was controlled by a governor so that for 
any setting of the fuel lever a constant speed was maintained 
over the load range. Consequently as the load was increased 
more fuel was injected. Therefore the air charge in pounds 
per revolution representing about 30 per cent excess air in- 
creased as the load increased. 

Figure 10 shows the specific fuel consumption in pounds 
per brake horse power hour as a function of the percentage by 
volume of carbon dioxide and oxygen in the exhaust for 1300 RPM 
at a BMEP of 30 pounds per square inch. Similar curves were 
obtained for 1300 and 900 RPM at loads from 15 to 60 pounds per 
square inch BMEP. As the amount of oxygen decreased and the 
amount of carbon dioxide increased the specific fuel consump- 
tion increased. However, no value of either oxygen or carbon 
dioxide could be found as a criterion of a radical change in 
specific fuel consumption. 

Figures 11 and 12 show the carbon monoxide as indicated 
by the different Ostwald diagrams as a function of the air to 
fuel ratio actually measured. On the same figures is shown the 
actual carbon monoxide found in the exhaust with the Orsat. It 
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Is to bo noted tbct tho Indicated carbon nonoxide for oil 
diagrams except one varied over the air to fuel ratio range 
of 20 to kb. Iho curves shown in this rang© In eseh case are 
for the aver ego only, All diagrams Indicated a rise in tho 
amount of carbon monoxide for air to fuel ration bolow CO and 
above 65* In ovory case oxcept one th© carbon monoxide incli- 
ca ted was greater than that found. The Ostwsld triangle baaed 
upon fuel C, with tho highest h/e ratio of .1051 indicated 
&©ro carbon monoxide for air to fuel ratios fro* £0 to iZ in 
agreement with that found, but «n increase in carbon monoxide 
above fft. Below cm air to fuel ratio of £0 to 1 it also indi- 
cated en increase but tho vulueo were leas than actual. In 
fact It showed zero carbon inonoxldo for e.n air to fuol ratio 
as low as 17. s to 1 when carbon monoxide was actually present. 
Tor any air to fuel ratio each Ostwsld diagram gave a differ- 
ent ©mount of carbon nonox ido since tho h/o ratio of the fuel 
upon which each diagram was based was different. 

Figaros 13 to 19 inclusive chow for cccli of tho eight 
fuels of Table 1, for which tho combustion triangles were con- 
structed, the sgreorsent of three sir to fuel ratioo obtained 
from th© coiibustlon triangles with tho air to fuol ratio mea- 
sured. On© curvo, that of tho highest sir to fuol ratios wo® 
obtained fron tho Aclrorcaann diagram, taking account of tho 
unburned carbon indicated no soot by the triangle. The curve 
of tho lowest ratios was obtained from tho AcLernann diagram. 
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ignoring the amount of aoofc Indicated. The curve resulting 
from the Ostwald diagram chows air to fuel ratios which are 
approximately tho naan of those indicated by the two Aekerwerm 
curves. In each case above an air to fuel ratio of 80 to 1, 
when the amount of soot indicated wee considered the Acker mean 
triangle cave the best agreement within about 2 per cent. The 
amount of soot Indicated woe different for each Ackcrmonn dia- 
gram depending upon tho k/c ratio of tho fuel for which the 
diagram was constructed. Tho amount of soot indicated would 
be correct only when the h/c ratio of tho fuel for which the 
diagram was constructed was tho same as that of tho fuel actu- 
ally burned in tho engine. However, over the all' to fuel ratio 
range fren 80 to 61.5 the air to fuel ratio obtained by the 
Ackornann triangle, considering tho amount of soot shown by 
tho fcriongle, waa sufficiently accurate regardless of the h/c 
ratio of tho fuel for which the triangle was constructed. For 
an sir to fuel ratio below 20 to 1, however, oach Ackermans 
triangle indicated practically a constant air to fuel ratio 
which was higher then that measured. This is to be expected 
since the Ackormann triangle is based upon tho assumption of 
soot formation alone with no carbon monoxide while carbon rson- 
oxido wrs present for air to fuel ratios below 80 to 1. 

Every Ostwild diagram oxcopt tho on© constructed for 
tho fuel with the highest h/c ratio, Fuel 6, h/c 33 .1035, in- 
dicated an air to fuel ratio appreciably Iocs than that measured 
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for eir to fuol ratios abovo 20 to 1* Tho error increased 
as the air to fuel ratio increased until above 10 to 1 the 
Ostwald triangle indicated an approach to a constant ratio, 

The Oetwald triangle is b«i3©d upon the presence of CO as an 
indication of incomplete combustion. For air to fuel ratios 
above 20 to 1 no CO was found and the Ostwald diagrams indi- 
cate complete combustion. It was evident, however, that in 
this range there was a certain amount of incomplete combustion. 
Tho error of tho air to fuol ratio obtained fross the Osiwald 
diagrams varied with tho h/c ratio of tho fuel for which the 
diagram wan construe ted. It would be expected that for air 
to fuol ratios below 20 to 1 whore CO was actually found the 
Ostwald triangle would give air to fuel ratio* with good 
agreement. However, this was the case only for those diagrams 
constructed for fuol* with the higher h/c ratios. All other 
triangles indicated cir to fuel ratios loss then those measured. 
It would appear that even in the air to fuol ratio range whore 
CO exists the Oatwald triangle gives the correct sir to fuel 
ratio only when made for c fuel whoso h/c ratio is very close 
to that of tho fuel used in the engine, 

The air to fuol ratios obtained from tho Aebermann tri- 
angles when the unburnod carbon indicated was ignored wore in 
every case loss then those obtained from tho Ostwald diagram 
and mere in error. 

Figure 18 chows tho result* obtained from tho Ac Hermann 
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and Ostwald triangles for the fuel with the highest h/c ratio 
of .1935, Fuel 6. Again the Aekermann triangle, considering 
the soot indicated, gave- very good agreement for air to fuel 
ratios above 20 to 1 and a constant air to fuel ratio greater 
than the actual below 20 to 1. However, for ratios above 20 
to 1 both the Aekermann triangle, ignoring soot, and the Ost- 
v/ald triangle also gave good agreement, especially up to an 

air to fuel ratio of about 35 to 1. Above an air to fuel 

\ 

ratio of about 50 to 1 both again exhibited a tendency to 
approach a constant value less than the actual ratio. For 
air to fuel ratios below 20 to 1 the Ostwald triangle gave 
excellent agreement. It is to be noted in this case from 
Figures 20 and 26 that the Aekermann triangle for this fuel 
indicated no soot for air to fuel ratios between 20 and 50 
and the least amount when any was indicated. However, Figure 
12 shows that for air to fuel ratios below 20 to 1 the Ostwald 
triangle for this fuel indicated less CO than that found. One 
fact concerning this fuel that the figures do not show is that 
several pairs of measured CO2 and Og which gave good results 
for the diagrams based upon the other fuels fell outside the 
combustion triangles for this fuel. 

Figures 20 to 24 inclusive show for 1300 RPM and BMEP*s 
of 15, 30, and 40 pounds per square inch the soot indicated by 
the various Aekermann triangles as a function of the charge ef- 
ficiency. The latter is again represented by the pounds of dry 



